The large particle size of railroad ballast and the wide range of loading conditions 4 make it difficult to appropriately represent ballast behavior in laboratory shear a specimen diameter of six times the maximum particle size is required. In 12 addition, standard confining stresses can range from 0 kPa to 72 kPa, and the 13 deviator stresses can range from 50 kPa to 360 kPa.
sient and permanent vertical displacements in the subsurface profile [1] . 23 The stiffness, or modulus, of ballast is a difficult parameter to measure with lab-24 oratory testing because of a number of issues including: (1) ballast shear behavior is 25 stress dependent, so field stress conditions must be replicated; (2) ballast gradation 26 varies locally (e.g., crib versus under tie); and (3) ballast is sheared in a state of ro-27 tating and varying principal stresses during train passage [2] . The first issue 28 involves determining and applying a representative stress state (e.g., field normal, 29 confining, and deviator stresses) in shear testing. The second issue is representing 30 field ballast gradation in the laboratory because gradation varies with location and 31 time due to ballast fouling and breakdown from repeated applied loads [3] . This 32 results in significant local variations of ballast gradation (e.g., under and alongside 33 ties). The last difficult issue in laboratory ballast testing is accounting for the rota-34 tion and variation in principal stresses applied during train passage. Because of the 35 dynamic and nonuniform application of stress applied by the tie to the ballast and 36 the variable ballast confinement conditions, the loading conditions in laboratory 37 shear tests usually do not simulate field loading conditions, which can affect mea-38 sured shear strength, compressibility, and modulus parameters [2, 4] . 39 To address these issues, the main objective of this study is to provide recom-40 mendations for representative stress conditions for shear testing and testing device 41 sizes that should be used to obtain meaningful results and minimize boundary test-42 ing conditions on measured ballast properties. This paper covers the following 43 main topics: representative stress conditions (i.e., normal, confining, and deviator 44 stresses), moisture conditions for shear testing, and appropriate triaxial compres-45 sion specimen size.
46

Simulating Field Conditions
47
Two important field conditions that should be simulated in laboratory ballast shear 48 testing are (1) in situ normal or confining stress present prior to deviator stress ap-49 plication (i.e., train loading) and (2) specimen moisture condition or wetting prior 50 to shearing. Both of these conditions will impact the measured shear strength, com-51 pressibility, and modulus of ballast but especially moisture content for fouled bal-52 last, as shown by Stark et al. [5] .
FIELD STRESS CONDITIONS
54
The three typical stress conditions used for laboratory shear testing are: (1) Normal stress 0 to 24 0 to 500
Confining stress 0 to 72 0 to 1,500
Freight deviator stress 50 to 360 1,000 to 7,500 In particular, Table 2 shows dry fouled ballast exhibits a higher modulus or stiff- triaxial specimen diameter for testing ballast must be greater than or equal to six 199 times the maximum particle size (Dmax) as shown in Table 3 . tor stress application, but that is not well understood at this time. As a result, a con-217 servative approach is to assume the fouled ballast will be wetted in the field and 218 unconsolidated prior to deviator stress application.
219
Section 6.1 of ASTM D4767 and ASTM D7181 also require a minimum cylin-220 drical specimen diameter (D) of 33 mm (1.3 in.) and a specimen diameter at least 221 one-sixth of the diameter of the largest particle within the test specimen. This is the 222 same requirement as ASTM D2166/D2166M and ASTM D2850, as shown in Table 3 . Estaire and Santana [22] , Table 4 shows the maximum particle size (Dmax) for the 226 ballast material tested and the minimum required triaxial compression specimen di-227 ameter under ASTM D4767 and ASTM D7181. which are summarized in Table 3 and In direct shear tests, the specimen should be sheared to at least 25 mm (1 in.) 244 of horizontal displacement after normal stress application to ensure mobiliza-245 tion of the peak strength. To limit the influence of boundary conditions in 246 these shear tests, Table 3 presents the appropriate specimen sizes for triaxial 247 compression testing devices.
• 248
If fouled ballast is to be shear tested, the fouling material should be soaked or 249 hydrated to simulate field conditions and engineering properties. Table 2 shows 250 the modulus of fouled ballast can decrease by 50 % to 60 % upon wetting.
• 251
To best represent ballast behavior in laboratory settings, appropriate triaxial 252 testing devices are required. This means a device diameter of six times the 253 maximum ballast particle size and a height to diameter ratio of 2 to 2.5. 
